Introduction
It is well known that Mycobacterium bovis has an extraordinary host range, especially when compared to other M. tuberculosis complex species (54) . The list of animals susceptible to M. bovis is extensive: domesticated animals that can be infected include cattle, farmed buffalo, goats, various species of deer, sheep and pigs, and a variety of wildlife species, both in the wild and in captivity, are also susceptible (21) (Table I ).
An infected wild animal population may be classed as either a maintenance or a spillover host depending on the dynamics of the infection (50) . In a maintenance host, infection can persist by intraspecies transmission alone, and may also be transmitted to other species. In a spillover host, infection will not persist indefinitely unless either there is re-infection from another species or a temporary and reversible change occurs in the population and enhances intraspecies transmission. Identifying whether a species has the status of a maintenance or spillover host is important when determining whether disease control within a host species is necessary, or in predicting whether infection will persist once the source of infection is removed or the behaviour changes reversed. The status of a species may change over time or between regions where conditions are different, for example where population densities differ or where different management systems exist (7) . Maintenance and spillover hosts can both act as vectors of disease to other species.
The status of some wild animal species as either maintenance or spillover hosts has been clearly resolved. Wildlife species such as the badger (Meles meles) in the United Kingdom (UK) and Ireland (27, 32) , the brushtail possum (Trichosurus vulpecular) in New Zealand (51) , and the Cape buffalo (62) and Kudu in southern Africa (3) are considered to be maintenance hosts for M. bovis, and may act as reservoirs for infection of both domestic animals and other wildlife species. In particular, the badger has caused almost insurmountable difficulties to conventional control and eradication programmes in both Great Britain and Ireland, as has the possum in New Zealand, and the Cape buffalo is causing significant problems for the management of the Kruger and other national parks in South Africa.
An example of a wild animal species that was initially classified as a maintenance host but whose current status may better be understood as a spillover host is the whitetailed deer in Michigan. Here changes in the management of the wild population, which resulted in decreased population density and less social interactive behaviour (46) , have apparently led to a decrease in disease prevalence in this species. Culture is still recognised as the gold standard for diagnosis of infection with M. bovis. Some studies use histopathology as the gold standard, but histopathology or the presence of a granuloma itself is not specific for M. bovis. Obviously, culture cannot be used as a herd-based test since tuberculosis is primarily a respiratory disease, and it is neither practical nor feasible to sample the tissue samples that are most likely to harbour infection while the animal is alive. Numerous studies reporting detection of M. bovis in samples using DNA methodologies such as polymerase chain reaction (PCR) have been reported. However, most of these report a lower sensitivity for PCR than culture, and hence PCR will not be addressed in detail in this review.
Tests for cell-mediated immunity
The tuberculin test, which involves intradermal injection of M. bovis purified protein derivative (PPD) tuberculin and the subsequent detection of a swelling (delayed hypersensitivity) at the site of injection three days later, has been in use since the early 1900s and is still the tool of choice for most bovine tuberculosis eradication and control programmes. The tuberculin test is the only test for tuberculosis in cattle prescribed by the World Organisation for Animal Health (OIE), although it may be used by different countries in different ways. For example, in Australia, the single caudal fold test is applied using an increased amount of tuberculin, and the comparative tuberculin test is used only rarely (for more details on the use of the tuberculin test in the Australian eradication programme see www.animalhealthaustralia.com.au/ programs/adsp/tfap2/tfap2_home.cfm). In many European countries, the single tuberculin test using bovine PPD is only rarely used. For example, in the Republic of Ireland and Great Britain, the comparative tuberculin test is used routinely and is applied to the neck of the animal. Each country establishes its own protocols for use, and interpretation of the tuberculin test is based on local circumstances and programme requirements. Both the single and comparative tuberculin tests are accepted by OIE, as are caudal fold and cervical sites of injection.
Other methods of measuring cell-mediated immunity have been developed and have been applied to both cattle and other animal species, including the interferon-␥ assay (IFN-␥) (35, 82) , which is gaining increasing popularity in tuberculosis eradication and control programmes, and the lymphocyte proliferation assay (LPA), which is primarily a research tool since it suffers from logistical problems when large numbers of tests are necessary. The terms lymphocyte transformation assay or test may be used interchangeable with LPA.
Tests for humoral response
It is generally considered that the detection of humoral antibody is a poor indicator of tuberculosis infection. The humoral immune response rises towards the end stage of the disease process when the host may be at its most infectious, and although many tests for humoral antibody were trialled in the 1980s and 1990s, these tests have not had a role in eradication or control programmes to date. Enzyme-linked immunosorbent assays (ELISA) have been developed and evaluated in a number of animal species.
Some authors promote the use of antibody tests (with culling of positives) as a method of potentially reducing the likelihood of transmission within herds (41) . However, because of the biology of the disease, it is not envisioned that antibody-based tests alone will have real application in tuberculosis eradication and control programmes. There has been renewed interest in antibody-based technology in recent times, due mainly to the availability of purified antigens and some new technologies for antibody detection. A number of newer technologies have been proposed for their potential to rapidly detect a humoral response to tuberculosis and provide indicators of disease. These include the fluorescent polarisation assay (FPA), Chembio's rapid test and the multi-antigen print immunoassay (MAPIA).
The FPA is based on the principle that an antigen bound in an immunocomplex will have a higher polarisation value than free antigen (a small antigen will more rapidly depolarise 'plane-polarised' light than will the same antigen coupled to its antibody). The principal advantage of FPA is that no separation of bound from free antigen is required. The entire assay is performed in solution in a single tube, with no precipitation or washing steps (19) .
The MAPIA consists of a cocktail of antigens applied by micro-aerosolisation to nitrocellulose membranes in narrow bands. Strips cut perpendicular to the antigen bands are subject to a blocking step and incubated with serum samples, and this is followed by immunodetection using standard chromogenic methods (41) .
The Chembio rapid test is based upon the detection, in infected animals, of antibodies to a set of recombinant tuberculosis (TB) antigens. The format is a proprietary lateral flow test that uses a drop of blood and gives a visual result within 15 minutes (28).
Although serological-based assays have many advantages in terms of logistics, lower cost and ease of application, few of them have been found useful when evaluated under field conditions. This paper reviews the various tests reported for a number of animal species, and attempts to prioritise or comment on the importance of having appropriately validated diagnostics for the different species. The paper discusses the difficulties of test validation using small numbers of animals, especially when tuberculosis occurs only occasionally or the species of animal affected is rare and/or valuable.
Materials and methods
The review was conducted by performing a literature review and contacting a wide range of international contacts known to be working in the area of tuberculosis diagnostics. The authors e-mailed 35 contacts during April 2005 and sent a second round of 12 e-mails in late August of that year, following discussions with colleagues at the Fourth International Conference on Mycobacterium bovis, held in Dublin from 22 August to 26 August. A summary table was prepared listing the various species of animals, the types of tests reported for use in each of the species, estimates of the effectiveness of the tests, and a comment section for describing key details of a study.
In the light of background knowledge of tuberculosis disease and epidemiology, the authors analysed the data, considered the importance of having a diagnostic test for various types of animals, and identified gaps in knowledge. An attempt was made to prioritise where research funds, if available, should be focused, although the authors recognise that individual countries and individual scientists or policy makers may have differing opinions.
Results and discussion
Of the 47 contacts e-mailed, 27 (57.4%) responded and 24 (51.1%) provided information that could be included in the review. This is considered to be above average for such surveys. A summary of the review data can be found in Table II . Information was gathered on 15 different families and 25 different species.
Cattle were included in the summary table for comparison purposes. Buffaloes and bison were also included despite the fact that they are in fact 'bovine' (and hence do not fit the original definition of 'non-bovine species') because they are known to be significant hosts to bovine tuberculosis in some countries (e.g. Australia, South Africa, Canada). Humans are also included for comparison purposes, although in most cases, the data relates to infection with M. tuberculosis since the authors are not aware of any published studies that consider the diagnostic validity of tests only for patients infected with M. bovis. In the case of elephants, the data mostly relates to M. tuberculosis infection as this is the most common cause of tuberculosis in this species. Similarly tuberculosis in non-human primates may also be due to M. tuberculosis or M. bovis.
Animal species in this review included some that are wellrecognised maintenance hosts of M. bovis such as the buffalo, badger and possum, as well as animals that are considered spillover or incidental hosts.
Test validation issues
The OIE has recently published guidelines for the validation of new tests (http://www.oie.int/vcda/eng/en_ background_VCDA.htm) to OIE standards. In normal circumstances, estimates of diagnostic sensitivity should be made in populations of animals that are as close as possible to the populations that the test will be used on. With bovine tuberculosis, this will mean populations that range from non-infected animals to those in the early stages of infection to ones that are diseased. Estimates of specificity should be made in populations of animals that are known to be disease free. In the case of tuberculosis, particularly when disease occurs in wildlife or rare animal species, it is often difficult to test a sufficient number of animals to provide a robust estimate of diagnostic sensitivity and diagnostic specificity.
In reality, very little validated information is available for many of the tests listed in this review, and the presence of sensitivity or specificity values in Table II While culture of M. bovis continues to be the gold standard for evaluation of new tests, it is often not used, as researchers prefer to use skin test results, the finding of visible lesions or histopathology. Thus the use of different tests as the reference standard influences the outcome (in terms of sensitivity) and does not allow for comparative assessment of various studies. In addition, in natural infection, the pattern of reaction may vary greatly and anergy is not uncommon. Moreover, while a test may work in a heavily infected herd, this does not mean that the same test will work as well in a low-prevalence population.
Most tests for tuberculosis are used for herd control or eradication rather than as tests of individual animals. When a number of animals are grouped together for a few months, as in the case of animals intended for export, they may be considered as a herd. However, data gained from these 'herds' is questionable, and a good herd history is required for genuine evaluation. In many cases, what may be considered as an accepted test in a species is only accepted because there is nothing better available. The record of a test working once is not enough for it to be accepted as a validated test. Clearly the diagnosis of tuberculosis in animals other than cattle and buffalo remains a significant problem for veterinarians, farmers of unusual species, import and export authorities, and managers of zoological collections.
Validation data for different animal species
In elephants, culture of trunk washes is accepted as the gold standard diagnostic test. The tuberculin test is considered to perform poorly and is not validated and there is limited data available from alternate tests. It should be remembered that most of the cases of tuberculosis in elephants are due to M. tuberculosis rather than M. bovis; M. tuberculosis presents an important zoonotic risk to zookeepers, animal handlers and the public, despite the fact that the animals may have contracted the disease from their own keepers or handlers. Elephants are valuable animals and treatment is sometimes attempted, so improved diagnostics would be useful for the few zoos that are affected.
A number of ELISAs and other antibody-based tests have been tried in the badger with limited success in terms of both sensitivity and specificity. The comparative LPA provided reasonable sensitivity but poorer specificity. This ) assay is generally considered a research tool since it is impractical for testing large numbers of animals. The tuberculin test has also been found to be of limited value in badgers. It is hard to see diagnostic tools being used in any routine manner in badgers, other than in the study of pathogenesis.
Few tests have been reported for use in bison. One study using the single caudal fold tuberculin test suggested a sensitivity of 66.7% and specificity of 89.6% based on necropsy findings (52) . A small study found that the FPA was as effective as the MPB70 ELISA for detecting antibodies (40) in bison. The development of diagnostic tests for bison would be of value for screening animals on entrance to zoological collections or for monitoring the health of such collections (e.g. the Hook Lake Wood Bison Recovery Project in Canada), or in farmed bison if a country was considering eradication or control of disease by test and slaughter.
The tuberculin test and a modified Bovigam TM assay have been sufficiently validated for use in the Cape buffalo, and both tests have good specificity (45) . Sensitivity is also acceptable, at least as good as in cattle, and the Bovigam TM offers advantages in that it is a test-and-release method that does not require secondary capture to read the test. Selected animals can be culled by rifle from a helicopter. However, it is unlikely that either test will be used in a routine test or cull eradication programme. The main purpose of the tests is to monitor the spread of infection in zoological parks, and to screen animals prior to entry into disease-free herds. Testing may also be used to monitor the prevalence of disease in various populations.
A modified, comparative caudal fold tuberculin test was used in Australia' s test and slaughter campaign in a small number of Asian-buffalo herds run under northern Australian farm management conditions. Although the test was never scientifically validated, it was used to monitor disease-free herds in a programme that decreased nonvisible lesion reactor rates from 10% to 1%. It was also used in diseased herds. However, because of the progress of the Australian programme, it was never used to test a herd to freedom. The remaining infected herds were depopulated to achieve the aims of the national eradication programme before the test could be fully evaluated. Asian buffalo were included in the early field evaluation of the IFN-␥ in Australia.
Camelids, including llama, alpaca and camels, are occasionally reported to be infected with M. bovis. They are not considered to be maintenance hosts and infection is usually transmitted via contact with other infected animals. A well-validated test would be useful for trade purposes. The comparative tuberculin test has been reported to provide reasonable sensitivity and good specificity in an experimentally infected llama in a study performed in the UK (F. Stewart, personal communication, 2005 ). In the same study, the ELISA also provided good sensitivity and specificity. In a study described by Lin et al. (40) , the FPA was as effective at detecting antibody levels in llamas as a normal ELISA using MPB70 antigen, but the test has not been validated and there is no evidence to suggest it would be useful in a field situation. No information on diagnostic tests was available for camels.
Test for tuberculosis have been applied to a number of species of Cervidae, including red deer, white-tailed deer, reindeer and elk. The single tuberculin test for deer is most often applied to the mid-cervical region (MCST), with the comparative test applied to the cervical region (CCT). Because deer do not have a caudal fold, the test cannot be applied to that site. The tuberculin test is particularly difficult to apply in deer because many species of deer have very thin skins and it may be difficult to inject the tuberculin intradermally. In addition, stags develop extremely thick skins during the rut, which can interfere with the accurate measurement of changes in skin thickness (30) . A high level of non-specific sensitisation which results from exposure to saprophytic mycobacteria or M. paratuberculosis can also complicate diagnosis in deer. In New Zealand, it is generally accepted that the CCT is less sensitive than the MCST (30) , which has a sensitivity of 80%. The IFN-␥ test designed for cattle works poorly in deer and a cervine test has been specially developed (Cervigam  TM ) . Overall, the tests applied in deer lack the robust validation that has been applied to diagnosis in cattle.
In red deer, results from the comparative tuberculin test suggest the test has a reasonable sensitivity (80%) but low specificity (46.9% to 61.3%). The low specificity may be due to the interference of M. avium species infection, to its presence in the environment or to infection with M. paratuberculosis. Many of the studies have been done with small numbers of animals. Griffin et al. (29) report improved specificity and sensitivity using the comparative LPA and ELISA tests in parallel. The ELISA is considered most useful when used in conjunction with the skin test (as an indicator of anamnestic response). Recent reports suggest eradication of tuberculosis in deer can be achieved by using the skin test and ELISA in combination if the disease is detected early (30) .
Several experimental infections have accumulated data for diagnostic tests in white-tailed deer. Most of these experiments have used small numbers of animals. In one study of 116 animals, a sensitivity of 97% and a specificity of 81% were achieved (59) .
Tuberculosis in reindeer is considered to be extremely rare, and skin testing is the only approved test in the United States of America (USA). All results for reindeer are based on small numbers of experimentally infected reindeer and deer negative controls. Estimates of the sensitivity of the single and comparative tuberculin test have been made using experimentally infected animals. The Cervigam TM assay has been used and found to be slightly better in terms of specificity than the tuberculin test. When applied to reindeer, the MAPIA provided reasonable to good sensitivity in experimentally infected animals that have been boosted by previous tuberculin tests; however, specificity is again poor (50%).
Little information was available for the single tuberculin test in goats. Sensitivity results varied from 38.3% to 95% and very few estimates of specificity were available. However, in a study of 521 culture-positive animals, the comparative tuberculin test provided good sensitivity (83.7%) and specificity (100%). Estimates of sensitivity and specificity for the IFN-␥ were better than for the skin test in one study (39) , but another study found IFN-␥ to be less sensitive (34) . The results of an ELISA test performed 15 days after a skin test provided an increased sensitivity compared with a normal ELISA (which lacked both sensitivity and specificity); this was attributed to an anamnestic response. A combination of the comparative tuberculin test and the IFN-␥ assay offered the highest sensitivity (95.8%) and also high specificity: 96% in one study (34) . More information is needed on the specificity of various tests in goats.
The mantoux (skin) test has been used as a screen test for human tuberculosis for many years. In humans, tuberculosis diagnosis may also be achieved by using smear examination and/or culture (of three consecutive sputum samples) and/or chest X-ray. In recent years, several versions of the IFN-␥ assay (Quantiferon TM , Quantiferon TM TB Gold, Cellestis Ltd) have been evaluated, and some publications suggest the assay has equivalent sensitivity and specificity to the skin test. In patients vaccinated with BCG, the IFN-␥ assay is considered to be more sensitive and specific than the skin test, and this technology is now approved by the US Food and Drug Administration.
The tuberculin test has long been the recognised test for diagnosis of tuberculosis in non-human primates. However, the sensitivity of the tuberculin test, generally applied to the upper eyelid, is considered poor and serial testing is necessary. More recently, the IFN-␥ assay has been developed for use in these species and is marketed as the Primagam TM test. This test appears to be gaining acceptance as an alternative test for these species and has gained provisional approval from the Department of Agriculture of the USA. The Chembio rapid test claims an acceptable sensitivity and a good specificity on limited numbers of animals, and the test is being evaluated further for sensitivity and for specificity using animals infected with other Mycobacterium spp. (42) . Tuberculosis is considered to be the most serious disease of captive nonhuman primates, and a good diagnostic test is important to those working in the management of non-human primate colonies and primate rehabilitation programmes.
A report (25) of the use of diagnostic tests in marine mammals (seals and dolphins) suggests that the comparative tuberculin test may be of use in detecting infection in captive seals. Many infected seals will show no clinical signs. Culture of bronchial washes has also been used as a screening test for animals in zoological collections (unpublished data) but the sensitivity of the test is unknown. Tuberculin testing in wild-caught (trapped) seals can only be done if the animals can be held for the 72 hours required for reading of the injection site. Animals have to be sedated to clip the injection site and to inject the tuberculin, and again for the reaction to be read (unless the reaction is extensive, in which case it may be observed). Tuberculosis is present in at least seven different seal species in the southern hemisphere (16) and it is a known zoonosis (70) . It is therefore important when managing standings or introducing new animals into a collection to screen them for tuberculosis if the species originate from the southern hemisphere. Zoological collections that include seals would benefit from the development of alternative tests that require minimal animal handling (e.g. IFN-␥ assay).
The comparative tuberculin test was reported to perform with perfect sensitivity and specificity in a study that involved small numbers of pigs infected with M. africanum (1) . The tuberculin test was compared to macroscopic lesions at slaughter and M. africanum was isolated in some animals. A small study using the single tuberculin test provided a specificity of 100% in pigs from an M. bovis-free area (53) A number of ELISAs have been evaluated for the diagnosis of tuberculosis in possums. These tests appear to have low sensitivity but reasonable specificity. The LPA provided better sensitivity than the ELISA but, as discussed previously, LPA remains a research tool. As in the case of badgers, no diagnostic tool is likely to be of value except for use in pathogenesis studies.
An ELISA with low sensitivity but good specificity has been reported for raccoons. As is the case with possums and badgers, described above, it is difficult to see the need for a validated test for tuberculosis in raccoons.
Tuberculosis in sheep is considered to be rare, and generally only occurs when animals are in close contact with heavily infected cattle. The tuberculin test is seldom used in sheep but the single tuberculin test has been reported to have a sensitivity of 67.7% (44) and 81.6% (11) in two separate studies on six and 31 histopathology-positive animals respectively. The Bovigam TM test is reported to be acceptable for use in sheep, and when used in the small study reported by Malone et al. (44) , it resulted in a sensitivity of 100%.
The tuberculin test was successful in diagnosing tuberculosis in two tapirs in a British zoo. These animals were thought to have contracted the disease from infected seals in an adjacent enclosure. As with many wildlife species, there are no validated tests for tapirs.
Conclusions and recommendations
M. bovis is well known to have the widest species range of any of the M. tuberculosis complex members, infecting an extensive range of animals, from cattle to humans, domestic animals to feral or wild ones. Some wildlife species have a considerable impact on eradication and control programmes for tuberculosis around the world. In addition, captive animals infected with tuberculosis create problems in the management of zoological collections, increasing the risk of infection to other valuable animals as well as to their keepers. Although tuberculosis in such animals is an important problem, there is a dearth of well-validated data for the diagnosis of the disease in animals other than cattle. As is evident from Table I , many different species can become infected with tuberculosis. Table II and the text above have attempted to summarise the diagnostic tests that have been applied to the detection of tuberculosis in a variety of species. As noted at the bottom of Table II , however, many of the tests recorded here have not been properly validated and would fail to meet the validation criteria currently required by the OIE.
The types and circumstances of animals are relevant in assessing the importance or need to have validated diagnostic tests for tuberculosis. Animals other than cattle may be classified into the following four groups: a) domestic or farmed maintenance hosts that cannot be eradicated and may have an impact on the prevalence of tuberculosis in cattle (e.g. Asian buffaloes in Australia, goats in Spain) b) wild or domestic species in zoological collections where the infection provides a transmission risk to other animals in the collection or where there is a zoonotic risk (e.g. nonhuman primates, seals, oryx) c) wild animals where the spread of disease can directly affect the value of the collection, and hence the value of tourism or related economic benefits to the country (e.g. African buffaloes, kudu, oryx) d) spillover hosts that have a negligible ability to re-infect cattle (and where control of tuberculosis in cattle will lead to a corresponding decrease in prevalence rates in the spillover host; e.g. feral pigs in Australia).
Groups a to c are considered to be of higher importance than group d in terms of the importance of developing validated tests for tuberculosis, but the tests are presumably only of value if they are to be used for eradication or control purposes or to facilitate trade.
The information accumulated during this review suggests there may be adequate data available for the validation of the tuberculin test and the IFN-␥ assay for South African buffaloes. There appears to be a lack of valid specificity data for diagnostic tests in goats. In the case of the Asian buffalo in Australia, there is no requirement to further validate diagnostic tests for this species. Whether there is a requirement for such a test in Asian countries is yet to be determined.
By comparison, there has been a reasonable amount of work done in non-human primates, and it is important to have a test validated for these species. Collection of further data is encouraged so as to build up sufficient validation data over time. The Primagam TM test in particular holds considerable promise for these species.
The OIE requires certain numbers of tests to be conducted in particular species for the purpose of validation. In many cases, because tuberculosis may occur in rare animals or because the occurrence of disease in a particular species is very low, the numbers of tests that are required cannot be achieved. Because of this, it will be necessary to accumulate validation data over time as cases occur. In many instances, it appears that data is not published or collated; an international effort may be required to collect information so that it can gradually be accumulated for validation purposes. In some cases, it is expected that there will still be insufficient data to meet the rigorous guidelines established by the OIE.
Recommendations
In order to collate validation data on the diagnosis of tuberculosis in species other than bovine, the OIE should: a) develop a suitable template for submitters that will help in the collection of key information to allow integrated data analysis of tests used for diagnosis of tuberculosis b) encourage veterinarians and researchers to submit data from test evaluation studies using the developed template, so that over time the data can be accumulated c) make the information available to interested parties as appropriate for the purpose of further study and test validation. 
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Repaso de las pruebas existentes para el diagnóstico de la tuberculosis en especies no bovinas
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Resumen La tuberculosis bovina es una importante enfermedad, que influye en el comercio regional e internacional y puede minar la estabilidad social y económica y tener efectos deletéreos sobre la diversidad de especies. La prueba intradérmica de la tuberculina, que se aplica desde hace casi un siglo pese a los avances técnicos de los últimos veinte años, sigue siendo la única prueba prescrita para diagnosticar la tuberculosis en el ganado vacuno. Pero Mycobacterium bovis puede infectar a otras muchas especies, incluido el hombre. Los autores pasan revista a diversas pruebas evaluadas para detectar la infección por M. bovis en una serie de especies animales, tratan de definir un orden de prioridades entre ellas y formulan observaciones sobre la importancia de disponer de métodos de diagnóstico convenientemente validados para las distintas especies. También comentan las dificultades de validar una prueba empleando un pequeño número de animales, sobre todo cuando la especie en cuestión es infrecuente o valiosa o cuando la tuberculosis se presenta sólo esporádicamente en ella.
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